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viii) 


ABSIBACl' 


The primary discontinuous precipitation and coarsening 
were studied in A1 20 at^^ Zn alloy at a wide range of ageing 
temperatures, ranging from 350°K to The techniques used 

for the investigation included optical microscopy, Transmission 
electron microscopy and x— ray diffraction. The growth kinetics 
of both primary and secondary reactions were investigated by 
calculating the driving force for the reaction. 

The model proposed by Petermann and Hornbogen is 

found to be most suitable for both Primary and secondary 

reactions for the entire range of temperature. The growth 

kinetics of primary reaction was investigated using other 

* 

models proposed by Gahn, Turnbull, Aaronson and Liu, 

Sundquist, Shapiro and iCirkaldy. The model proposed by 
Petermann and Hornbogen is based on the assumption that the 
driving force for the coarsening reaction is contributed from 
the remaining free energy after the primary reaction. 

It is also seen that the value of calculated from 
the results obtained in this study are higher than the 
corresponding values of diffusivity of zinc in Aluminum (L^), 
at the same range of temperature. This clearly shows that 
the cellular reaction is controlled by grain boundary diffusion 


of zinc. 



ix) 


The morphological features of the primary and 

secondary precipitate were studied. It was observed that 

the Primary precipitate* nucleates at the grain boundaries 

Solid Solution 

of supersaturated even while ageing at 2?oom temperature. 

A 

The moving reaction front (cell-matrix interface) leaves 
behind alternate lamellae of depleted a and ^ zinc rich P 
phase. The secondary precipitate is observed at the original 
grain boundaries and at the impinged regions of a two primary 
cell-matrix interfaces. Further growth occurs by the migration 
of the nucleated boundary into the opposite grain. The growth 
rate- of secondary cell interface sijfe much slower compared to 
that of Primary cells, as a result of which the secondary 
cells have a larger value of interlame liar spacing than the 
primary. 
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CHAPTER 1 
IHTRODUCTIOH 

The phenomenon of discontinuous coarsening of the 
cellular precipitate has been studied in a few alloy systems 
(1,2,3,4)# Although the morphology of the reaction is 
well understood, very little development has talasn place in 
establishing the kinetics of coarsening or secondaiy 
reaction. The earliest theory for the secondary reaction 
was proposed by Livingston and Cahn (5), which states that 
the driving force for secondary reaction comes from the 
decrease in the interfacial energy (of the interface) 

accompanying the coarsenirg reaction. However the theory 
does not use the available chemical free energy as the 
driving force. As a result of this factor the kinetics 
of the reaction fails to follow this model at higher 
temperatures. 

A theory was proposed by Pournelle (1 ) to overcome 
the shortcomings of the earlier theory of Livingstonif and 
Cahn (5). This is an extension of the theory proposed 
by Petermann and Hornbogen (7) for the primary cellular 
reaction. This model is based on IHcke's theory (6) 
of boundary migration. According to this theory the 
driving force for the secondary reaction comes from the 
free energy not used in the primary reaction. 
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The present in've st igat ion was oaixied out in an 
Al-20 at^S Zn alloy. The kinetics of coarsening of the 
cellular precipitate was analysed using the above theories* 
Simultaneously the kinetics of the primary reaction was also 
analysed using theories proposed by Cahn (8), Turnbull (9), 
Aaronson and Liu (10), Petermann and Hombogen (7), 
Sundiquist (11) and Shapiro and Kirkaldy (12). 

1.1 discontinuous Pieoj-pitation. General 

The segregation of solute from a supersaturatedsolid 
solution into two phases occura by cellular mode when the 
boundary between two adjacent grains of the original solid 
solution becomes unstable and starts to migrate (13). As 
the boundary migrates, a solute rich precipitate and depleted 
solid solution is formed behind the advancing interface. 

The initiation of this type has been studied in great detail 
(14,15). However, it has not been possible to conclude 
the exact reasons for the occurrence of this type of a 
reaction in certain systems. Hornbogen (16) made a study of 
the cellular reaction and has stated some important factors 
that favour discontinuous precipitation. These include 
high probability of heterogeneous nucleation at the 
grain boundaries as compared to nucleation inside the grain, 
a high grain boundary diffusion coefficient and a high 
driving force for precipitation. Apart from these major 
factors he has also analysed the nature of the structure of 
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grain boundary during the cellular reaction as it affects 
the grain boundary diffusivity value. 

Meyrick (17), in his study on the initiation of 
discontinuous precipitation states that the grain boundary 
provides the passage for the diffusional processes whereby 
the compositional changes are effected as the boundary 
advances. It can be inferred that for alloys in which 
the solute is likely to segregate at the grain boundaries, 
thereby reducing the energy of the grain boundary, a 
diminition in segregated population due to precipitation 
can provide the driving force for the boundary to migrate. 
Meyrick concludes that the degree of solute segregation 
of the grain boundary is one of the distingushing factors 
between alloys in which discontinuous precipitation can 
occur and those in which it does not occur, 

1 .2 Mornhology of Cellular Be act ion 

The earliest studies (14,18,19) on cellular reactions 

at 

were aimed the morphology of the cellular precipitate 
and the initiation of the reaction. It is very evident that 
in most cellular reactions the supersaturated solid solution 
decomposes into a solute depleted matrix having the crystal 
structure of the original solid solution and solute rich 
precipitate phase. These form as alternate lamellae of a 
and p extending all the way from the interface into the matrix. 
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These are characterised by definite value of interlame liar- 
spacing, which in turn depends on the ageing temperature* 

One of the early mechanisms proposed for the initiation 
of cellular precipitation was by Tu and Turnbull (14). 

This is commonly referred as the ’Pucker’ mechanism. Here 
the precipitate initiation begins with the nucleation, 
on one side of the grain boundary, of a disc or plate shaped 
precipitate having a high energy (incoherent) interface 
across the boundary and a low energy interface with the 
grain in which it is embedded. The orientation of the 
precipitate, necessary to bring the low energy habit plane 
between precipitate and matrix grain into alignment is 
assumed to result in the local deflection of the boundary 
into a puckered configuration. This causes a movement of 
the grain boundary thereby leaving' the precipitate embedded 
in the grain. However, one side of the precipitate is 
attached to the tip of the boundary. The initial driving 
force for the boundary migration is provided by the 
reduction in interfacial energy of the precipitate. This 
has lieen the operating ijechanism in Pb-Sn alloys (14). 

In SODB alloy systems exhibiting cellular precipitation 

. ^ 

such as Pe-Zn, (18), Gu-In (IS) no definite habit and 
orientation relationship appears to exist for the precipitate 
phase and the depleted matrix phase, and lamellae appear to 
have the ability to change direction and branch* Under these 
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circumstances Tu and Turnbull mechanism fails to describe 
the genesis of cellular precipitate, iFoumelle and Clark 
( 15 ) proposed a mechanism taking into account the above 
problem. In their analysis (15), it is reported that when 
kept at a suitable temperatuie , the grain boundary migrates 
at measurable rates like the grain boundary migration during 
normal grain growth. The migrating boundary interacts 
with the solute that come across it. This leads to the 
formation of allot riomorphs . Nucleation of similarly oriented 
lamellae in neighbouring regions leads to the formation of 
cells. It is also mentioned that the crystallographic habit 
and orientation of the initial allotriomorphs appear to 
have little influence on the final cell structure. 

It has been found that products of primary cellular 
reaction to be decomposed by secondary cellular reaction 
(20 ,29,30). The decomposition takes place by migration 
of secondary cell boundary into the products of the 
Primary reaction. It has also been observed that the 
growth rates are much slower compared to the rates during 
the primary reaction a,nd thereby the secondary inter lamellar 
spacing is much higher compared to the Primary reaction. 

The morphology of the secondary reaction has been studied in 
many alloy systems (2,3,4,20,30). Pournelle (20) has 
proposed a mechanism known as the 'S' mechanism to explain 
the morphology of secondary reaction. Here the adjacent 
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segments of two supersaturated grains are found to migrate 

into opposite grains leaving behind cellular lamellae 

oriented with respect to the grain from which they originated. 

Continuing this growth they intersect at a common point 

on the original grain boundary in such a way that the 

advancing boundary of each cell finally grows into the 

origin of its counterpart at the original grain boundary, 

and decomposition ef Primary lamellae by secondary reaction 

starts taking place. It has also been observed that 

a 

the intersection of two primary cells acts as^site for the 
start of secondary reaction. Also, the secondary cells 
originate at the primary cell-grain boundary intersections. 

1 .3 Aluminumr-Zinc System Mb') 

The Aluminum-Zinc eq.uilibrium phase diagram is shown 
in Pig.l. It is an extensive solid solution of zinc 
in aluminum, with the solid solution range extending upto 
66 at % Zn. This solid solution occurs in three different 
forms of PCG structure namely a ,a’,Y . There are principally 

two monotectoid reactions ( 1 ) a ’ * «+ y, concerned 

with three isostructural phases, (ii) « —. 04 . P where 

a aluminum rich PGC phase and zinc-rich hexagonal p form 
at room temperature. 

In the past two decades the decomposition of Al-Zn 
alloys over a wide range of composition has been studied 
in great detail (21,22,23,24,25,27,28). However, these 




Fig, 1 


Aluminium -Zinc phase diagram ('9) 
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studies were confined to either spinodal decomposition 
characteristics (28) or the study of the metastable transition 
phases viz, G.P, Zones, Rhom^ohedral R phase. The precipi- 
tation sequence during the decomposition of quenched 
Al-Zn alloy is well established. It is as follows - 


Supersaturated 

(a) 


Quench to 
room 

temperature 


G,P, Zones Rhombohedral 

Hexagonal Zinc (p) 


! 


The main objective of this investigation is to study the 
kinetics of cellular transformation Al-Zn alloy. There 
has been a number of investigations in the recent past 
on the growth kinetics of cellular transformation in Al-Zn 
alloys for a wide range of composition from 1 5 at 5^ Zn to 
60 at io Zn, Anant haramsm et.al. (26) studied the growth 
kinetics in an Al-28at5^Zn alloy, A modified Turnbull 
model was used to study the kinetics of primary cellular 
reaction. It should also be noted that the choice of 
ageing temperatures was confined to the range SO^C to 150°C, 
Butler et,al. ( 27 ) investigated the cellular precipitation 
in Al-28 at % Zn alloy by making an insitu observation using 
high voltage electron microscope. They have observed that 
after nucleation at grain boundaries, the reaction proceeds 
at a linear growth rate. The modified model of Turnbull 
was used to study the growth kinetics. The variation of 
inter lamellar spacing with temperature of ageing was studied 
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and it was found that the value of inter lamellar spacing 
increased with inci*ease in ageing temperature. 

lalhotra and Bundman ( 25 ) studied the kinetics of 
discontinuous precipitation on Al“'20 at^Zn alloy. The 
growth rate was evaluated from the transformed volunB 
fraction data and the TTT cur-ve was drawn. The effect of 
continuous precipitation on the discontinuous reaction was 
studied in the same alloy system, 

Vijaylakshmi et .al, (29,30) have investigated the 
morphological features of the cellular precipitation in 
Al-Zn alloy system. They have reported the coarsening of 
the cellular precipitate at longer time of ageing. 

Ju and Tournelle (4) have studied the morphology 
kinetics of cellular decomposition and discontinuous 
coarsening in Al— 29 at io Zn alloy. The kinetics of both 
Primary and secondary reactions were analysed using the 
model of Petermann and Hornbogen (7). Analysis of growth 
kinetics of both Primary and Secondary reactions indicated 
that the rate controlling mechanism is diffusion of solute 
through the grain boundary. 

In this study we have investigated the kinetics of 
Primary reaction using the models of Cahn (8), Turnbull (9)j 
Aaronson and Liu (10), Petermann and Hornbogen (7), Shapiro 
and Eirkaldy (12), and Sundquist (11). The Secondary 
reaction was analysed using the model of Petermann and 
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Hornbogen (7), 


1 .4 Models for Kinetics of Discontinuous Precipitation 
1*4.1 Turnbull’s Model for Growth Kinetics (9) 

Consider the precipitation of P phase from a super- 
saturated solid solution forming in a lamellar morphology 
with the ^ phase. Following Zener's treatment of Pearlitic 
growth, the total flow of solute away from an a lamellae can 
be estimated by Pick's I-law 


J = -D 


dc 

dx 


to give the rate of flow of atoms; 


dm 

It. 


a 

A T 


dx 

W 


B 


a 

A D 
V. 


Ax 


B 


M 


eff 


( 1 ) 


where , 
a 

A = area through which diffusion takes place 

D = diffusion coefficient of the solute in the matrix 

Ax 

= concentration gradient (1 _ = effective distance) 

eff 

= Molar volume. 

Turnbull (9) considered a growth model for discontinuous 

precipitation based upon the diffusion of solute atoms 

a , ^ 

through the grain boundary. The value of A in eqn.(1) will 
be equal to b , where 6 , is the boundary thickness and 
b is the distance parameter normal to the growth direction 
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and a/p interface. The effective distance, is 

estimated to be equal to and eqn,(1) becomes 


dm 

dt 




( 2 ) 


During discontinuous precipitation both a and P phases 
grow together as alternate lamellae. The width of the 
lamellae is related by lever’s principle as follows 



n 



-j a 

- 


a 



1 a 

^B " ^B 
p of 



where , 


X 


a 

B 


^B 

1 a 

^B 


a 


S 

S 


P 


dm 

•SB = 


mole fraction of component B in a phase 
mole fraction of component B on p phase 


original alloy composition or mole fraction of 
component B in the supersaturated solid solution 
width of the ^ lamellae 
width of the p lamellae 
molar volume 


VbS 

% 


a 


, ^ ^ as 

( ^ = 


YbS 


P 


V. 


M 


/ P la. 

(Xb - x^ ) 


( 3 ) 


It is to be noted that in all models for cellular p 2 ?ecipi- 
tation, the molar volumes of the phases present are 
assumed to be constant and equal to 
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Making the flux balance from Eqn.(2) and Sqn.(3), 


a 


VbS 




M 


.1 a ct^ 

( X3 - Xj) 


J) OLx X 

3 is 

a 


or 


Y = 




as2 ,1 


a 




(S ) ( - 2:^) 


(4) 


where 1 denotes the growth velocity. 


In approximating the concentration difference ^ which 

drives the diffusion, Turnbull, neglected the effect of 

surface energy and used Xg = where x^ ^ 

is the composition at the ct/p interface. In addition he 

a 

also neglected x^ in comparison to the original alloy 
1 “ 

composition Xg and thus was able to obtain the following 
equation for growth velocity 


Y 




1 a 


cc. 


- X 




B 


{s“)^ 


1 a 
^B 


(5) 


1*4.2 Aaronson and Liu Treatment (10) 


Aarons on and liu (10) pointed out that in the 
growth velocity expression derived by Turnbull (9), 

(X 'I oc 

Xg cannot be neglected in comparison with x^ . By 
assuming = x^' and taking A = 2b o , since the 

material is leaving .on both directions from the edge of 
the a lamellae and retaining the Zener approximation 
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a 


^eff “ ~T~ obtained an expression for the growth 

velocity * 


VbS 

V. 


1 a a 
( = 


2b(iD^ 

“ 


1 / , 


B 


B 


(SV 2 ) 


Here 


eff 


4 B^6 


and s“ = S 


/ P a . 
(Xg - x^) 


(xf^ 


T 


(xP - '■x'' ) 

(x| - X “) 


B' 


(6) 


1 . 4.3 Cahn*s Treatment (8) 

It has been shown by Gahn (8) that the composition 
of the cx lamellae in equilibrium with the p lamellae is not 
the equilibrium value. Due to the incomplete segregation 
of solute, only afraction of the total available free energy 
will be used to drive the reaction, A part of the available 

2Y Vm 

free energy (PAG + — 5 ) would be used as chemical free 

energy and the remaining —g would be associated with 

the newly formed interface. In order to proceed with the 
problem it is necessary to assume that the reaction proceeds 
as fast as diffusion permits. It is also assumed that no 
diffusion occurs in the matrix except at the grain boundaries. 
The diffusion equation for cellular growth given by Gahn is, 


,2 b 
d x^ 

-rx o Jj 

D^o — ^ 

dy 


tr/l cc 

V( Xb ” "‘g) - 


0 


( 7 ) 
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where is the composition at the boundary 

y is distance along the boundary, measured normal to the 
lamellae. 


cc. 

. . . . 0 - 

Gahn also assumed that, = k = constant, equilibrium exists 



respect to S ( interlame liar spacing), so that the boundary 
conditions are; 


X 


a 

B 


e^a 


at y=+ f 


The solution to eqn.(7) is given by 


ex®” 

B 


a 

^B 


1 a 

^B 


where, 


A 


Gosh (^'^A) 
Cosh A) 


K V 


( 8 ) 



( 9 ) 


( 10 ) 


Cahn has approximated the chemical free energy change for 
non equilibrium segregation as, 




1 Ci 

1 ^-R 

-ET [ x^ In — 


e Cl 

^B 


1 a 

+ 1 “ p 

A e^cc J ■- 
^A 


a o OL 
- X^ 2 

M a e oc^ J 

Xg *- x^ 


( 11 ) 


The fraction P of the chemical free energy for equilibrium 
seg:cegation actually released by cellular precipitation can be 
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obtained by integrating ix 1 over the entire cell. 

o 

Substituting for Xg from eqn. (9) in equation (11) 
and integrating, we have 

P = tan h (1/2VA) ~ \ sech^/('/l) (12) 

Cahn also evaluated the fraction of solute used during 
cellular precipitation as 

W = tanh (13) 

where W can be experimentally determined and hence A can be 
evaluated. 

1 .4.4 Petermann and Hornbogen's Treatment of Cellular 
Precipitation (7) 

According to Petermann and Hornbogen (7)» the growth 
velocity is given by, 

V = -M A G (14) 

where , 

M = grain boundary mobility 
n G = driving force for the growth of cells 

The mobility is a function of temperature (T) and is determined 
from the atomic jump frequency period of jump) and 

the grain boundary thickness '6’. I'or the cell boundary to 
migrate, the solute atoms have to diffuse a distance equal to 



tOlCNJ 


16 


/ 

, to the p phase* 

The time taken by the solute atom to move a distance = 
is given by 

(|)" = 


Therefore, 

8 D ^,6 

Substituting (15) in (24), we get, 

8D, 6 

V = - — ^ lx G 

HT S 


(15) 


(16) 


The amount of chemical free energy available to drive the 
reaction can be estimated with the help of free energy 
composition diagram. 


AG = P ^ G^ 
o 


-f 



(17) 


where , 


Y 

P 


specific surface energy at the a/P interface 
fraction of the chemical free energy, Zi G^^, released 

during the reaction 
a 


G = 


HI [ ^ rf 

Xp 


1 C T 

+ . In 

A 


X 


a 


1 a S 

^A 


( 18 ) 


Considering equation (18), and equation (16), the equation 
for the growth velocity is as follows; 



1 ? 


V = - 


8 D^6 
S ET 


,1 a 


X, 


![Er ( i"T 


.a 

'B 


a 


1 ® 

+ .X. In -T 
A ‘ 


X 2yY 

aAwmwm 1*1 


M 






S 

(19) 


1,4.5 Shapiro and Kirkaldy^s Analysis (12) 


Shapiro and ELrkaldy (12) suggested the existance 
of a met ast able miscibility gap in the a solid solution. 


The reaction was then treated as an eutectoid reaction where 
there is a chemical driving force acting on the growth of 
the two lamellar phases. Eo 11 owing this they worted out 
the solution of the differential equation for the boundary 
conditions arising out of local equilibrium. The solution is 
as follows; 


V, 


-*8 

1(1/2 - ®x“) 



1 ) 


( 20 ) 


where, 


S 


c 


2YV. 


M 




( 21 ) 


The parameter ’q' is given by the expression 
q = 1/2 ^ at 

The value of q is determined from the equation; 


( 22 ) 




ax: 


.tt2 


B 


RT 

(1 - x“) 


( 25 ) 



18 


'1*4.6 Sundquist's Analysis (11) 

Sundquist (11) wrote the diffusion equation (7) on 
the lines of Cahn (8) but instead of assuming a flat interface 
between and a phases as done by Gahn (8), he solved the 
diffusion equation for a curved interface. The basic solution 
of the diffusion equation yields 



X 


a/p 

B 


(o) 



Gosh ('^a - (1 - Z) ) 
Gosh 7 a 


where the parameter a is defined as 


(24) 


a 


S 


2 

1 


4D^uK (CosG) 


(2^ 


cc — 

In eqn,(24), (Z) is the average composition of the depleted 

matrix at position Z from the interface between a and p phases 

is the interface composition at the three phase function. 

Jd 

Its value is very close to equilibrium solvus composition at 
the ageing temperature, but is formally defined by Sundquist 
to be related by 



(o) 


e a/P 


exp 


2 ® 


(x^- 


a^ 

Xb) 


ET 


W (^x« - 


e 

x/^) 


(26) 


has a value of tJo'sfe, which is the average of the 

angle that the normal to the growth front makes with the 
growth direction is taken to be 0,7 as proposed by Sundquist (11) 
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The parameter a is determined from the relation 


W 


1 a 

Xfi - 


/ N 

( o ) 


m 


B 


tan h a 
vT a 


( 27 ) 


1*4-.7 Petermann and Hornbogen’ s Theory of Discontinuous 
Coarsening (7) 

As shown earlier the growth velocity of the primary 
cells during cellular phase transformation is 


V 


1 


8 1)^6 
HT 


AG 

P 


(28) 


(a-SccL 

where ^ G^ is the chemical free energy aeeosA'a.ted' to drive 
t he primary re a ct i on 



P ^G„ + 

o 


!iZm 

s. 


(29) 


where , 


P aGq is the fraction of the total chemical free energy 

available to drive the primary reaction, a part of which 
2 

— 5 — ^ (+) goes to the newly created interface 
^1 


= - 


8 6 


P avG 


2y V 


M 


ST S' 


( 30 ) 


1 


It is assumed that the remaining free energy is used in 
the growth of the secondary cells, then 
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= P) 4 vG'q (31) 

Using the above equations, the equation for secondary growth 
velocity, V2 is given >y 
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CHAPTER 2 

EXPERT i/EHTAL PROCEDURE 


2 . 1 Alloy Preparation 

The alloy for this investigation was prepared by 
using appropriate amounts of aluminum and zinc (both of 
93 * 33 % purity). Induction melting was carried out in a 
pure alumina crucible under argon atmosphere. The cast alloy 
was then hot rolled into strips of 2,5 mm thick. Thin foils 
of thickness 200 p were also prepared for electron microscopy 
st udies. 

The sanples for growth kinetics were prepared from 
the rolled strips. Samples 5mm x 5mm were cut and encapsulated 
in pyrex tubes after holding them under a vacuum of 1 0 torr 
or better for about 2-5 hours. Great care was taken to avoid 
any heating of the samples while sealing the capsules. 

2.2 Heat Treatment of the Alloy 

The samples were solution treated in a tubular 
furnace at 400°C + 3°C for 36 hrs (to achieve a average 
grain size of 200 p), and quenched in ice brine. The 
quenched samples were quickly transferred to a liquid K 2 
bath in order to prevent the room temperature decomposition 
of the saturated solid solution. 
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The aging treatnent for grovth kinetics was done 
in a salt bath furnace for higher temperatures and in a oil 
bath for low temperatures. In each case the treatment was 
done after rigorous calibration of the bath. The temperature 
variation was found to be +1°C, The aged samples were 
quenched in ice brine and immediately taken foj/not allograph! c 
observat ion. 

2 .3 Examination of the Treated Specimens 

The heat treated specimens were immediately mounted 
using a cold setting Sesin and polished carefully for 
metallographic examination. The etchant used was Kellers 
Reagent (0.5% HE 1 .5HG1 2.5% HKO^). 

2.3.1 Optical IVicroscopio Examination 

The growth rate of the primary and secondary 
precipitates was found out by measuring the width of the 
grain boundary precipitate in a direction normal to the 
boundary. An average of 40 such measurements was taken to 
evaluate the growth rate by the principle of least squares. 

2.3.2 Transmission Electron IVdcroscope Examination 

The thin foils which were heat treated with the 
bulk sanples were cleaned and chemically thinned to 50 li 
using 2,5% solution of HE in water. Electropolishing was done 
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polishing technique. The electrolyte used was 10% 
perchloric acid and 90% methanol. The operating voltage 
was 15 volts DC and the temperature was maintained at 230°K. 

The interlamellar spacing of the primary and 
secondary precipitates at each temperature was found out by 
counting the number of lamellae present in a specific distance 
The average value was found out ficm 2 OO measurements. 

2 *4 X-ray Analysis 

The composition of the depleted matrix, associated 
both with the primary and secondary reaction was determined by 
X-ray diffraction measurements carried out on the bulk sampler 
Cu Zq. radiation was used with a TTickel filter. The value 
of Bragg angle was found out by measuring the angle of the 
107 ^ ^ C4BC} and 1331 1 peaks. The instrumentation correction was 

also incorporated in the calculation of the angle. This was 
done by measuring the Bragg angles of a standard silicon 
sample from the trace obtained at the end of the experiment. 

The precise lattice parameter was evaluated and 
thereby the composition was calculated with the help of the 
data of Helfrich et.al. ( 32 ) for la,ttice parameter vs. 
composition on Al-Zn alloys. 
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CHAETEE 3 

EBSULTS AKD DISCUSSIOF 


3 .1 Growth Eate 

The growth rates of primary and secondary reactions 
were determined using optical microscopy. The width of 
the grain boundary precipitate was measured at different 
intervals of time for different temperature of ageing. In 
each case 50 different regions were observed and the width of 
the precipitate was measured in a normal direction to the 
boundary. The growth rates were then evaluated by least 
square method. The growth rates for Primary and Secondary 
reaction are presented in Table (1), 

The growth rates of the Primary and Secondary reaction 
are found to be of the order of 10 F/sec and 10 yi/seo 
respectively. The growth rate vs, temperature is shown in 
Pig. (2). It is clear from the plot, that growth velocity 
increases initially as the ageing temperature increases and 
reaches a maximum at 430°iC. Thereafter with increase in 
temperature, it decreases. The nature of the secondary growth 
velocity is similar to the primary growth velocity. In this 
plot the data of Butler et.al. (26), ivlalhotra (25), 

Ju and Pournelle (4) are also indicated. 



Growth rate 


PRIMARY CELLS 
o This investigation 
O Ju and Fournelle (4 ) 29 at pet Zn 
+ Butler et al ( 26 ) 

A Malhotra et al ( 25 ) 21 at. pet. Zn 
SECONDARY CELLS 
V This investigation 
o Ju etal (4) 29 at. pet. Zn 


Temperature , K 


Growth rate vs temperature 
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The room temperature growth rate data of Malhotra 
(25 is also plotted in Pig. (2), The growth rate of the 
primary reaction in this study, when extrapolated to 
room temperature agrees with the value obtained by Malhotra 
for Al-22 atfcZn alloy. The growth rate of the primary 
reaction is found to have shape of a 'O’ curve. This is also 
true with the data of Butler (26) and Ju, et.al. (4). 

However, it should be pointed bat- that the growth velocity 
values for primary reaction are lower because the original 
alloy composition was lower. This leads to a lower supersatur- 
ation and hence a lower value for the growth rate. 

The growth rate of the secondary reaction is plotted 
against the temperature of ageing and is shown in Big. (2). 

The growth rates of secondary reaction are 100 times lower 
magnitude than tke primary reaction. The shape of the curve is 
like a.'CJ' curve with peak value of growth rate at A-30°K, 

The g 2 X)wth rate of secondary reaction is dependent on the 
inter lamellar spacing and composition of a and p phases 
in a complex way (4)» However it can be said that the low 
value for growth rate of the secondary reaction can be 
attributed to the smaller value of the driving force for 
the secondary reaction. 



27 




K^ 

CM 


MO 

tA- 

CM 

LA 


a.pq 

O 

tA 

LA 

MO 

O- 

00 

00 


(T\ 

CO 

CA 

CA 

CA 

CA 

CA 



cr\ 

cn 

CA 

CA 

CA 

CA 

CA 



* 

• 

« 

• 

* 

m 

» 



o 

o 

o 

O 

o 

o 

O 








MO 

MO 




^A 


CM 

MO 

KA 

MO 



o 

LA 

^r^ 

!A 

isrv 

NA 

lA 


« fq 

KD 


tA 

CM 

CM 

CM 

CM 

03 

!>< 

o 

O 

O 

O 

O 

o 

O 


CO 

• 

* 

ft 

• 

ft 

ft 

ft 

U 


o 

o 

o 

o 

O 

o 

o 

3 

e 

1 








•H 











l>- 

CM 



MO 

T— 

LA 


t>- 

LA 

LA 

CA 

CM 

00 

A- 

MO 


CvJ o 

• 

• 

ft 

ft 

# 

« 

ft 

CH 

CO T- 

vjD 

r— 

O 

tH 

LA 


^A 

o 

fx; 

-r- 

T- 






03 









4J 









o3 









p 



















T 








O 

EP 








•H 

S 








4J 

o 

V£> 

CA 



MO 

^A 


•H 


r— 

LA 

CM 

CA 

00 

(A 

00 

to 

^(M O 


CA 

00 

00 

^A 

CM 

T— 

O 


• 

• 

• 

ft 

ft 

ft 

ft 



o 

o 

T~" 

o 

o 

O 

o 

o 

rS 








o 









••d 









s:3 





LA 




o3 





CM 

O' 





o 

CA 

CA 

^A 

LA 

o 


tiO 

^ P 

VD 

\D 

lA- 

00 

00 

LA 

00 

j::4 


O 

O 

O 

O 

o 

00 

o 

•H 

P 

• 

« 

ft 

ft 

ft 

ft 

ft 

O 


o 

o 

o 

o 

o 

o 

o 

cd 









P. 









CO 









p 









cd 









Hi 


LA 

00 

00 

CM 

CM 

lA- 

IH 

H 

T- O 

VO 

CM 

lA 

l>- 

LA 

rA 

^A 

a 

CO 

« 

• 

ft 

« 

ft 

ft 

ft 

SXJ “ 



tA 

CM 


t — 


r-* 

cl 4^ 

}x; 








H 









Jh O 









CD ^ 









43 Cb 


















H H 









1 — 1 









^ CD 

0 

T 








4^ , 

SP 

LA 

MO 

o 


CA 

MD 

o 

cd t>a 


i ^ 

tA 

IH 

o 

CM 

CM 

■r*” 

P P( 

00 

1 \D 

CM 


o 

00 

CA 

T-'* 

cd 

uT* O 

m 

• 

ft 

ft 

ft 

ft 

ft 

X3 

> IT- 

' T-^ 

CM 

CM 

CM 

o 

o 

o 

43 









O 









o o 









^ 0 









ciJ CO 









•• 

! W 

o 

O 

o 

o 

o 

o 

o 

f'-cj 

i <=> 

cn 

MO 

tA 

CA 

En- 

LA 

tA 

m 

! eh 




K\ 

^A 

CA 

^A 



28 


3.2 Interlanellar Spacing 

The inte rlamellar spacings for the Primary and 
Secondary reaction measured at different temperatures are 
shown in Table (1). The primary and secondary cells 
have an interlamellar spacing whose magnitude is in the 

-7 

range of 1 0 metres. The primary and secondary cell 
interlamellar spacings were measured using Transmission 
Electron Microscope. Thin foils treated along with the 
bulk specimens were used for this study. For each temper- 
ature an average of 200 readings was taken to evaluate the 
interlamellar spacing. A plot of interlamellar spacing 
against temperature is shown in Pig, (3). It is seen that 
the interlamellar spacing increases steadily with increase 
in ageing temperature. This behaviour has been observed in 
other studies too (4,31). It is seen that the values of 
interlamellar spacing obtained for primary reaction in this 
study are higher than those values reported in earlier 
studies. The reason for this, is the composition of the 
original alloy. In this case, the study wa.s carried out 
on Al-20 at^Zn alloy, which is lower than the composition 
used in other studies (29 at%Zn). As seen earlier the 
growth rate is slower in this case and this enables the 
solute to traverse larger distances. 

The interlamellar spacings of the secondary cells 
are 4 times larger in magnitude than the primary cells 



Interlamellar spacing , 



Temperature , K 


Interlamellar spacing vs temperature. 
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The value of cell spacing in'^reases with increase in ageing 
temperature as is evident from the Pig. (3). The slower 
growth rate is responsible for larger value of inter- 
lamellar spacing, A plot of interlame liar spacing against 
^ T was plotted to find out the relationship between tke 
two parameters. This is shown in Pig, 4. It is seen that 
the graph is straight line with slope equal to -1,04 
and -1 ,05 for the Primary sind Secondary cells respectively. 
It can be concluded that S varies inversely as A T and 
this has been found true in many other alloy systems (2,3) 
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3.3 Composition of the Depletad Matrix 

The composition of the depleted matrix for Primary 
and Secondary reaction were determined by x-ray diffraction 
technique. The composition was determined by measuring 
the value of Bragg angle (29) at the peak positions of 
tte {420 T and {3311 diffract ion peaks . The specimens 
used for this measurement had been checked by optical 
microscope to ensure that microstructure had fully transformed 
structure of primary cells or predominantly secondary cells, 
as was the case. The lattice parameter was evaluated directly, 
as there was no overlapping of peaks. The composition of 
the o; —phase was evaluated from the lattice parameter- 
composition data of Helfrich and Dodd (32) as shown in 
Pig. (5). 

The composition of the depleted matrix of the primary 
and secondary reaction is plotted against the temperature as 
shown in Pig. (6). The solvus line of the Al-Zn equilibrium 
diagram (36) is also shown* It is seen that the solvus 
curve for the primary reaction is far away to the right of 
the equilibrium, solvus, except at the highest temperature, 
490®K. Ju and Pournelle (4) also determined the composition 
of the a phase for the Primary reaction in Al-29 at^ 2n 
alloy. The shape of the solvus is identical to that 
obtained in this study. It was observed that the composition 
values were higher in the study of Ju and Pournelle (4). This 
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is because of the increased supersaturation and higher 
growth velocity and by Cahn's explanation that increased 
supersaturation causes a shift towards a higher composition 
for the cx phase. The general precipitation within the 
lamellae is not observed in this study as was observed by 
Ju and Pournelle (4). The reason for this is because the 
supersaturation is lower by about 10 at% in this study and 
the corresponding a phase composition was lower. The 
composition of the depleted matrix for primary and secondary 
reaction is presented in Table (1). 

The a phase composition of the secondary reaction 
was determined in a similar way as that of the Primary 
reaction. It is obvious that the composition of the depleted 
matrix of the secondary reaction is lower than the primary 
reaction as the reaction proceeds towards equilibrium. The 
value of Xj highest temperature falls outside the 

equilibrium solvus. This is not possible, however, it could 
nappen as the composition is calculated from the reported lattice 
parameter vs. composite data, Ju et.al. (4) also had similar 
problem and they attributed the situation due to error 
in the lattice parameter composition relationship or the 
aluminum - 25inc equilibrium phase diagram. 
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3.4 Oalculation of Driving Porce for Cellular Precipitation 

The driving force for both priinary and secondary 
reaction was evaluated from the basic thermodynamic equation. 





(34) 


JVi M 

where lx Ji ^ and S ^ are the changes in partial molar enthalpy 
and entropy respectively. The values of and lx S 

for this alloy composition were taken from the data published 
by Hilliard et.al. (33). It was assumed that the relative 
partial molal enthalpy and entropy of Zn in the a phase 
are constant. Pigure (7) shows the variation of enthalpy 
and entropy values at 573 The absolute values were 
obtained by multiplying with the appropriate composition of 
the q( phase. It was also assumed that the P phase had a 
composition close to pure zinc from the phase diagram. 

The variation of the overall free energy 
is plotted against temperature in Pig. (8). It is seen that 
at 490 OK the value of G^and A G-j are equal. As the 
temperature of ageing is decreased ^ G^de creases (becomes 
more negative) in magnitude, which is consistent with the 
concept that ^Gq varies inversely with the degree of undei^ 
cooling. The values of the free energy change for primary 
and secondary reaction are evaluated. Eepresentat ion plots 
of the free energy composition diagram are shown in Pig. 9 and 
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Fig.10. The values of and ag are evaluated from 

p s 

Pig, 9 and Pig.10. ^G is the chemical free energy associated 

P 

with the primary reaction and ag„ is the chemical free energy 

O 

associated with the secondary reaction. 

The surface energy y » "was calculated using equation 


The enthalpy, Hy and entropy Sy values were taken from 
the work of •Gheetham and Sale (55) on lamellar Al-2n 
eutectoids. The values are shown in Table 2, 

The driving force for the primary cellular reaction, 
is Gr is evaluated by deducting the surface energy from the 

Jr 

chemical free energy available for primary precipitation. 
Similar calculation is made for the secondary reaction. 
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(37) 


The chemical free energy and surface free energy associated 
with primary and secondary reaction are also given in 
Table (2), The values of various free energy terms are 
given in Table (3). 
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TABLE 3 : Free Energy Values Calculated from the Data of Hilliard et.al, (3 5) 
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3.5 Kinetics of Primary Oellular Reaction 

The kinetics of primary cellular reaction was analysed 
using models proposed by Turnbull (y), Aaronson and liu (10), 
Gahn (8), Petermann and Hornbogen (7), Shapiro and Kirkaldy 
(12) and Sundquist (11). For each of the models the 
Arrhenius plot of In against (1/T) was plotted. The 
plots are shown in Pigs. (11) and (12). The activation energy 
for the primary cellular reaction was evaluated. It is 
observed that the models of Cahn (8), Petermann and 
Hornbogen (7) and Sundquist (11) yield a higher value of 
activation energy than the other models. The value of 

-I 

60 kJmole observed for the three models falls in the 

range of 1/2 to 2/3 of the activation energy for volume 

“1 

diffusion (Q^ = 104 kJmole ) reported by Hilliard 6t.al.(34) 

from inter diffusion studies of zinc and aluminum. In the 

case of other models (Turnbull, Aaronson, Kirkaldy), the value 

-1 

of activation energy is about 48 kJmole . In other studies 
of cellular precipitation on the Gahn’s model always yields 
a lower value of activation energy. However in this case the 
higher value of activation energy can be attributed to the 
shape of the solvus curve for the primary reaction which 
shows a decrease in zinc concentration as the temperature 
increases. 

The volume diffusion coefficient, was calculated 
by assuming the value of (P^ = 1.0x10 ^I^/sec) and 
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= 104 kJ mole from the published data of Hilliard 
et.al. (34). The values of and 6 are found out and 
are shown in Table (5). It is observed that at lower 
ageing temperatures the values of ^ are much lower than 
the ^ values. At 490-®K the value of 6 is 3-62x10 

rz 

iC /se c. 

The effective diffusion tine for the primary 
reaction can be calculated using the equation, Dt where 

X is the effective diffusion distance which can be taken 
to be equal to the interlame liar spacing and D is the 
volume diffusivity of zinc calculated by assuming 
Dq = UOxlO"^ M^/sec and Q = 104 kJ mole"”*. The value of 
time obtained by taking into consideration is about 
500 times higher than the observed time for completion of 
the primary reaction. This gives sufficient reason for us to 
conclude that the cellular reaction in Al-Zn alloy system is 
controlled by grain boundary diffusion. This has also been 
found true in other systeips exhibiting cellular reaction 
(1,2,3). In the analysis of growth kinetics it has been 

assumed that the general precipitation has negligible effect 
on the cellular growth. This has also been pointed out 
by Ju and Pournelle (4) in his study on Al*"29 at%Zn alloy. 
TH^ determined the magnitude of this effect in the analysis 
of Peteiroann and Hornbogen (?)• It was reported that 
the driving force for the primary reaction reduced by 15?^ 
and thereby yielded a higher value of D-^ B . 


The values of 
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6 are presented in Table 4 for all the models. The 
activation energy for boundary diffusion, Q and the diffu- 
sivity values of at 400°K are presented in Table 5. 

The Table also shows the volume diffusivity values for 
comparison. The pre exponential constant, is 
calculated for various models at 400®iC from the equation 

= I>1 exp(-Q/BT) (38) 

= boundary diffusivity of zinc 
Q = activation energy for boundary diffusion 

T = 4000E 

R = 8.314 j/oE/mole. 

The individual values of are listed in Table (5). 

It is seen that the D^o values for each model falls in 
the same order of magnitude except the value of of the 
Aaronson and liu (10) model. The value of depends 
on the value of Q which is intum dependent on the -u G 
value . 

One of the reasons for the success of Pete rmann 
and Hornbogen model is that at higher temperatures the 
value of the driving force is smaller and this yields a 
higher value of D^6 . This results into a higher Q value, 
although the data fits better in the whole range of temper- 


ature. 


TABLE 4 : B^6 Values for Primary and Secondary Cell Growth 
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350 0.0239 0.16 0.435 0.143 0.0454 0.0347 0.0314 


Table 5 : AotiTation Energy, Diffusivity and Values for Different Theories; 

Volume Diffusion Data obtained from the Data of Hillia 3 rd et.al, (34) 
IS also shown for comparison 
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^ Discontinuous Coa r sening; Secondary Beactioa 
The kinetics of discontinuous coarsening of the 
cellular reaction was analysed using the model of Petermann 
and Hombogen (7). Accordingly the rate of growth of 
secondary cell is given by 


V2 = 




T 
RT Sg 


n G 


(39) 


where ^ “ driving force used for the .secondary reaction. 

A plot of In 6 against (l/T) is shown in Pig. (13). 

In the analysis of Petermann and Hornbogen ( 7 ) it is assuned 

that the remaining free energy after the primary reaction 

drives the secondary reaction. The value of activation 

energy obtained for the secondary reaction is about 61 kJ 
-1 

mole , The free energy is further reduced during the secondary 
reaction by decreasing the interfacial energy. The decrease 
in total free energy of the coarsened or secondary precipitate 
has two terms: (i) free energy change arising only from 
changes in composition of the phases, termed as the 
•chemical free energy change' and (ii) the change in inter- 
facial energy due to coarsening. The amount of interfacial 
energy released and used as a part of the chemical free 

energy required in the secondary reaction is given by 
2YVm 2yY^ 

( — g — ^ __ — according to Pournelle (1). These values 

2 1 t 

are also listed in Table (5). 
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It is observed that the inteitfacial energies of 
both precipitates increase with a decrease in the temperature 
of ageing, Ihe values range from 16.8 J/mole to 72 j/mole 
for primary and 4.71 j/mole to 27.1 j/mole for the secondary. 
The results obtained support the fact that the interfacial 
energy decreases as the coarsening proceeds . 

The secondary reaction involves two processes: 

(i) dissolution of the primary ahead of the reaction 
front and 

(ii) redistribution of the solute atoms at the 
reaction front. 

During the coarsening a part of the driving force is released 
at the primary secondary reaction front. The interlamellar 
spacing of the secondary cell are the deciding factors for 
tte interfacial energy released during coarsening. 

The fraction of the total driving force, p , used for 
the primary cells is calculated from the equation of Cahn (8), 

P = — ^ tanh (— ^ Sech^ (“^) (4-0) 

V A 

whe re , 2 

K V-S-, 

A = — 

I>b 6 

The other equation used to calculate P is that of Petermann 
and Hornbogen (7) 




Fig. 14 


lABIE 6 
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Lx Gr,j 

A G ■ 

^ 0 



** 

(41) 



i^Go 


^2 



(42) 


where ^ G-^ and. L G 2 the chemical free energies of 
Primary and secondary reaction* Pigure (14) shows a plot of 
P, using Gahn's equation for primary reaction, against 1, 

It is observed that the values of P obtained by Gahn’s analysis 
are slightly higher than those obtained using the analysis 
of Petermann and Hornbogen. Table ' (6) gives the values of 
P-| and P 2 calculated at different temperatures. At 49°^^ 
the value of P.| the curves is equal to 100^. The shape 
of the curve obtained by Petermann and Hornbogen’ s analysis 
is strongly dependent on the values of nG and ^G , The 
values of P^ range from 0.68 to 1,0 and the secondary 
values of P 2 range from 0 to 0,29. It is to be noted that 
the sum of P^ and P 2 are almost equal to unity at all 
temperatures of ageing, 

3.7 jViorpholO;a:.Y of the Gellular Reaction Products 

The morphology of the Primary and secondary 
precipitates are shown in Figures (15) and (16), Fig, (17) 
shows the as quenched microstructure consisting of undecompos'^d 
ccq grains. It is observed that the supersaturated solid 
solution of an Al-Zn alloy decomposes at room temperature to a 
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depleted matrix of the same crystal structure and solute rich 
p phase. This is illustrated in Pig. (18). Pig. (18a) shows 
the mi cax) struct ure of the alloy aged at room temperature, 

(310°K) for 7200 seconds (2 hrs). The ageing has resulted 
in significant grain boundary precipitation. The photo- 
micrograph shows 2 neighbouring boundaries having the 
precipitate phase on grain boundaries. 

In order to illustrate the growth of the grain ii'Oundary 
precipitate by grain boundary migration the quenched sample 
was aged at room temperature (310°K). A particular grain 
boundary region was chosen and the growth of the precipitate 
was studied at periodic intervals until impingement. Care was 
taken initially to choose a mobile boundary. The photomicro- 
graphs shown in Figures (18a,b,c,d,e,f ) clearly illustrate the 
growth of the grain boundary precipitate through the migration 
of the boundary. An interesting observation from this Pig. (18) 
is that the curvature of the boundary changes significantly. 

geinj 

illustrated in Pig.l8, till the impingement occurs. As the 
interlame liar spacing is very fine at this temperature they 
could not be resolved in the optical microscope. 

The mechanism for the initiation of cellular precipitate 
was first proposed by Tu and Turnbull (^4). The details of 
the mechanism were discussed earlier. In this study, attempts 
were made to explore the possibility of orientation relationship 


As the a^n^ proceeds the bowing of the boundary is clearly 
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between a. and p phases. However, it is observed that there 
is no definite orientation relationship between the a and p 
lamellae. Vi jay lake hmi et.al. (29) found that during the 
growth of the cells the lamellae maintained orientation 
relationship across their interface which is as follows; 

im II noil . 

However, it is also reported that the zinc lamellae in a single 
colony changed their orientations frequenty without confining 
to a specific habit plane. Ju and Pournelle observed in 
their study, that cells initiated at the grain boundaries by 
a boundary bowing mechanism. They also found that there was 
no definite habit plane for the P lamellae in the a phase. 

Growth of the cellular precipitate from sample 
quenched and aged at 187°C for time intervals of 20,25 and 
30 minutes respectively, is illustrated in Pig. ( 19 )* I'l' 
be clearly seen from the micrographs that the volume fraction 
of the p phase increases steadily with ageing time. The 
Pig. (15) shows the lamellae of the cellular precipitate of 
the priimary reaction resolved at a high magnification. 

The P lamellae are straight and branch out in different 
directions. The branching out of the lamellae is shown 
in Pig. ( 16 ), 

The morphological features of the product of the 
secondary reaction are illustrated in the photo— 

isiawgrapht of Pig. ( 16 ), which show the formation of coarse 
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lamellae at the cell interfaces. Ihis mechanism which requires 
the creation of mobile grain boundary when the primary cells 
intersect is found to occur frequently at lower ageing temper- 
atures, Another mechanism proposed for the mechanism of 
the initiation of secondary cells is the 'S’ mechanism, 
I'ig.(16) is an illustration of the modified, 'S' mechanism. 

The secondary precipitate is found to be on both sides of 
the boundary. However, the other side is not clearly seen in 
the photomicrograph. 

It is clear from observing the pho'^omicrographs 
that the ini+'iating mechanism for secondary are: 

1 . At the original a grain boundaries 

2, At the impinged region of the 2 advancing 


front s 




T.S.M. Photograph of Primary lamellae 
Magnification = [8900 
Temperature of ageing = 390 


T.E.M. photograph of secondary lamellae 
Magnification = 

Temperature of ageing = 390°K 
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J'ig. 17 : Micros tiucture of as quenched sample 
Magnification = 400x 







Boom temperature ageing sequence of a 
quenched sample 
Magnification = 400x 
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Formation of grain boundary precipitate 
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Temperature of ageing = 460®K. 
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CHAEEBR 4 
CONGIUSIONS 


I’ho phonomDnon of cellular precipitation and 
discon+'inuous coarsening was found to occur in Al -20 at 
% Zn alloy in the temperature range 3OOOK to 5000K. The 
cellular precipitation and coarsening process is controlled 
by the migration of the grain boundary. 


The growth rates of the primary reaction are higher 
by more than an order of magnitude than the secondary reaction 
The rate controlling process is the transfer of zinc 
through the boundary. 


The interlamellar spacing of primary and secondary 
cells are increased with increase in the temperature of 
ageing. It is also seen that the Zener relationship 
(SCi^T)"*^ * constant) is valid for this alloy system. 


The composition of zinc in the depleted matrix 
for the Primary reaction decreases as the temperature of 
ageing is inorsased. Ibis behaviour Is different from 

the regular shape of the solvue ourve in other alloy 

of the zinc in the depleted matrix 
systems. The composition of th 

falls close to the eq.uilibrium 

after the secondaiy reaction 

•, 4> ..u AT nhase diagram. This also shows the 

solvus of the Al-Zn phase & 

. . . cn near equilibrium state during secondary 

reaction is driven to ^ „ 

j-waa eiiinersaturation after the Primary 

reaction by utilising tha P® 


reaction* 
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The total driving force is contributed by the. 
degree of auperaaturation and the degree of undercooling. 

The values of the free energy obtained indicate that as 
the temperature of ageing decreases the driving force 
is increased. 

The kinetics of primary reaction was analysed 
using various models. It is found that the model proposed 
by Petennann and Hornbogen happens to be the most suitable 
for the Primary reaction. The models of Aaronson and Liu, 
Shapiro and Kirkaldy and Turnbull yield a lower value of 
activation energy (47 kjmole ) whereas the models of 
Cahn, Sundquist and Petermann and Hornbogen give a value of 
60 kJmole . It is found out that the value of activation 
energy obtained by using the model of Petermann and Hornbogen 
falls in the range of activation energy required for the 
diffusion of zinc in Aluminum through the boundary. Hence, 
it is concluded that the rate controlling mechanism for 
cellular precipitation is the diffusion of zinc through 
the grain boundary. 

The kinetics of discontinuous coarsening was 
analysed using the model of Petermann and Hornbogen. It is 
found that the data obtained in the study fits the model. 

The value of the activation energy is about 61 kGmole which 
falls in the range of activation energy for grain boundary 
diffusion. Hence it is seen that the discontinuous coarsening 
also occurs by diffusion of zinc through the grain boundary. 
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